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due	 to	 the	 reliance	 on	 systematics	 based	 solely	 on	morphological	
characters	 (Clarke,	 2008;	 Gutt,	 Sirenko,	 Smirnov,	 &	 Arntz,	 2004).	
The	 growing	 awareness	 of	 these	 issues	 and	 the	 lack	 of	 represen‐








diversity,	 systematics,	 and	 phylogeography,	 have	 significantly	 in‐
creased	our	understanding	of	Antarctic	benthic	ecosystems	(Sands,	
O'Hara,	Barnes,	&	Martín‐Ledo,	2015).	These	international	SO	sam‐
pling	 expeditions	 have	 achieved	 several	major	 objectives,	 such	 as	
the	creation	of	a	baseline	census	of	biodiversity	(De	Broyer	&	Danis,	
2011;	Griffiths,	Danis,	&	Clarke,	2011),	proposing	how	evolution	has	
been	 influenced	 by	 the	 regional	 geological,	 climatic,	 and	 oceano‐
graphic	histories	(Fraser,	Nikula,	Spencer,	&	Waters,	2009;	González‐
Wevar	et	al.,	2018),	and	disentangling	phylogeographic	patterns	at	
lower	 taxonomic	 levels	 to	 better	 understand	 relationships	 among	
populations	and	 species	on	a	 case‐by‐case	 strategy	 (Brasier	et	 al.,	
2017;	Dömel,	Melzer,	Harder,	Mahon,	&	Leese,	2017).	This	exten‐
sive	 work	 led	 to	 the	 discovery	 and	 the	 description	 of	 many	 new	
species	 (d'Udekem	 d’Acoz	 &	 Verheye,	 2017;	 Janosik	 &	 Halanych,	








misidentification	of	 this	 frequently	encountered	 species.	 Incorrect	
taxonomic	assignments	due	to	the	 lack	of	clear	 identification	keys	
(Allcock	 &	Griffiths,	 2014),	 descriptions	 of	 nominal	 species	 based	
on	 distribution	 only	 (Díaz,	 Féral,	 David,	 Saucède,	 &	 Poulin,	 2011;	
Saucede	et	al.,	2015),	and	descriptions	based	on	juvenile	specimens	
(Roberts,	 Hopcroft,	 &	 Hosie,	 2014)	 or	 on	 deteriorated	 specimens	
due	to	inappropriate	conservation	practices	are	all	common	limita‐
tions	in	meaningful	biodiversity	assessments	(Meyer,	2016).









Russini,	 Fassio,	 &	Oliverio,	 2017).	Most	marine	 benthic	 organisms	
show	low	to	zero	mobility	during	the	adult	stage.	The	dispersal	ca‐































Mah	 and	 Foltz	 (2011a)	 describe	 some	 diversification	 processes	 in	
several	 Antarctic	 and	 sub‐Antarctic	 families	 (e.g.,	Odontasteridae,	
Antarctic	Asteriidae)	but	they	did	not	analyze	the	lower	taxonomic	
levels	(i.e.,	genera	and	species).
Brooders	 and	 broadcasters	 have	 contrasting	 dispersal	 capa‐
bilities	 (low‐range	 dispersal	 in	 brooders	 vs.	 high	 range	 in	 broad‐
casters),	 and	brooding	 taxa	 are	usually	 hypothesized	 to	display	 (a)	




ography	 of	 five	widely	 distributed	 asteroid	 genera	 across	 the	 SO.	
We	selected	genera	with	contrasting	reproductive	strategies	in	two	
distinct	 clades:	 the	 three	 brooding	 genera	Diplasterias,	 Lysasterias,	
and	Notasterias	in	the	monophyletic	family	Asteriidae	(Foltz,	Bolton,	
Kelley,	Kelley,	&	Nguyen,	2007;	Mah	&	Foltz,	2011b),	and	the	two	
broadcasting	 genera	 Psilaster	 and	 Bathybiaster	 in	 a	 monophyletic	
group	of	the	family	Astropectinidae	(Bosch	&	Pearse,	1990;	Mah	&	
Foltz,	2011a).
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2  | MATERIAL S AND METHODS
2.1 | Comprehensive sampling and DNA sequence 
compilation
Studied	 specimens	 were	 sampled	 during	 several	 expeditions	
in	 the	 SO	 (Figure	 1;	 Appendix	 S1);	 all	 were	 preserved	 in	 96%	
ethanol	 or	 frozen	 and	 identified	 at	 species	 or	 genus	 level	 (ei‐
ther	 by	 Christopher	 Mah	 or	 Camille	 Moreau).	 Genomic	 DNA	
was	extracted	using	either	a	 salting‐out	protocol	 (modified	 from	
Sunnucks	 &	 Hales,	 1996,	 with	 larger	 volumes	 and	 incubation	
at	 70°C	 for	 10	min	 to	 inhibit	 protein	 activity	 after	 digestion)	 or	
Qiagen	DNeasy	 extraction	 kits.	 A	 fragment	 (612	 nucleotides)	 of	
the	mitochondrial	gene	cytochrome	c	oxidase	subunit	I	(COI)	was	
then	amplified	using	the	specific	forward	primer	LCOech1aF1	for	
the	 class	Asteroidea	 and	 the	universal	HCO2198	 reverse	primer	
(Folmer,	 Black,	Hoeh,	 Lutz,	 &	Vrijenhoek,	 1994).	 COI	 sequences	
amplified	using	the	same	primers	were	also	obtained	through	The	
Barcode	 of	 Life	 Data	 System	 (BOLD,	 Ratnasingham	 &	 Hebert,	
2007)	 in	both	public	and	private	datasets,	accounting	for	460	of	
the	1,416	sequences	analyzed	in	this	study	(Appendix	S1).	As	the	
Astropectinidae	genera	are	also	 recorded	outside	 the	SO	 (under	
different	nominal	species),	all	available	sequences	for	these	from	
outside	 the	 SO	 were	 included	 within	 this	 study	 (Appendix	 S1).	
Reverse	and	forward	sequences	were	edited	and	assembled	using	
CodonCode	Aligner	 v6.0.2	 and	 translated	 using	 the	 echinoderm	
mitochondrial	genetic	code	to	ensure	the	absence	of	a	stop	codon.	
Sequences	 were	 aligned	 using	 the	 MUSCLE	 alignment	 process	




Due	 to	 relatively	high	genetic	distances,	phylogenetic	 relationships	
were	 reconstructed	 independently	 within	 the	 Asteriidae	 and	 the	
Astropectinidae.	Coscinasterias muricata	 and	Thrissacanthias penicil-
latus	were	used	as	outgroups,	respectively,	 following	previous	phy‐
logenetic	studies	(Mah	&	Foltz,	2011a,	2011b).	Maximum	likelihood	
(ML)	 and	Bayesian	 analyses	 (BA)	were	 used	 to	 construct	 the	 trees	
using	 only	 unique	 haplotypes.	ML	 reconstructions	were	 generated	
F I G U R E  1  Maps	of	the	SO	indicating	sample	location	for	each	target	group	(red	stars).	Sampling	locations	are	labeled:	red—South	
Georgia;	pink—South	Sandwich	Islands;	yellow—Bouvet	Island;	dark	blue—Kerguelen	Islands;	light	blue—East	Antarctica;	light	green—
Amundsen	Sea;	orange—Antarctic	Peninsula;	dark	green—Burdwood	Bank;	and	purple—Weddell	Sea.	Projection:	South	Pole	Stereographic





v2	 software	 (Lanfear,	 Frandsen,	Wright,	 Senfeld,	 &	 Calcott,	 2016)	
was	used	for	the	BA	reconstructions	on	the	CIPRES	Science	Gateway	
(Miller,	 Pfeiffer,	 &	 Schwartz,	 2010)	 to	 select	 for	 best‐fit	 partition‐
ing	schemes	and	models	of	evolution.	An	XML	file	was	created	with	
BEAUti	 v1.8.4	 (Drummond,	 Suchard,	 Xie,	 &	 Rambaut,	 2012)	 using	




Markov	 chain	Monte	 Carlo	 run	 of	 20	 ×	 106	 generations	 sampling	
every	1,000	trees,	and	a	Yule	process	speciation	prior.	The	XML	file	
was	used	through	the	software	BEAST	v1.8.4	on	the	CIPRES	Science	
Gateway	 (Miller	 et	 al.,	 2010)	 to	 reconstruct	 time‐calibrated	 trees.	
Tracer	v1.6	allowed	us	to	ensure	an	appropriate	effective	sampling	















its.org)	was	 used	 for	mPTP	with	 the	ML	 tree	 constructed	 using	
RAxML.	We	 also	 performed	 a	 distance‐based	 analysis	 using	 the	





oped	 ASAP	 method	 (http://wwwabi.snv.jussi	eu.fr/publi	c/asap/;	











terspecific	 genetic	 distances	within	 each	 genus	were	 calculated	
using	 MEGA	 v7.0.18	 (Kumar,	 Stecher,	 &	 Tamura,	 2016)	 and	 the	
Kimura	2‐parameter	model.	Haplotype	networks	were	generated	
using	a	TCS	network	method	 (Clement,	Snell,	Walker,	Posada,	&	
























versity	and	 from	0.394	 (P. charcoti—clade	3)	 to	0.924	 (P. charcoti—
clade	1)	for	haplotype	diversity	(Table	1).	The	number	of	segregating	
sites	 varied	 from	 11	 (D. meridionalis)	 to	 50	 (P. charcoti—clade	 1).	
Mean	 intraspecific	 distances	 varied	 from	0.16%	 (P. charcoti—clade	
3)	to	1.6%	for	Diplasterias	sp2	(Table	1),	while	interspecific	distances	









node	 supports	 (Figure	 2).	 Node	 support	was	 higher	 using	 the	 BA	
method	 for	brooders.	Branching	patterns	were,	however,	 identical	
in	all	reconstructions.
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The	monophyly	of	the	genus	Psilaster	is	not	supported	by	our	anal‐
ysis,	but	SO	Psilaster	representatives	are	monophyletic	(i.e.,	the	nom‐
inal	 species	P. charcoti).	The	genus	Bathybiaster	 is	monophyletic	 and	
includes	specimens	from	the	SO	and	from	the	Northern	Hemisphere	
(Figure	2).	Psilaster	specimens	collected	outside	the	SO	(Psilaster acum-
inatus	 from	 New	 Zealand	 and	 Australia,	 Psilaster andromeda	 from	
Sweden,	and	Psilaster pectinatus	from	the	Arctic	Ocean)	are	retrieved	









ical	 outgroup	around	21	Myr	 ago	 (Appendix	S3).	Main	divergence	
events	 (Figure	 2,	 Appendix	 S3)	 in	 P. charcoti	 and	Bathybiaster oc‐
curred	 around	 1.6	 ±	 0.8	Myr	 ago	 (Node	 C	 and	D	 in	 Figure	 2).	 In	






All	 brooders	 display	 clear	 geographic	 patterns,	 with	 a	 distinc‐
tion	 between	 the	 East	 Antarctic	 and	 the	 Antarctic	 Peninsula	
(Figures	 2,	 3;	 Appendix	 S2).	 In	 Diplasterias,	 D. meridionalis dis‐
plays	a	specific	distribution	as	it	is	shared	between	South	Georgia	
and	 the	 Kerguelen	 Plateau.	Diplasterias	 sp1	 includes	 specimens	
from	the	Antarctic	Peninsula	along	with	five	specimens	from	the	








from	 South	 Georgia,	 and	 five	 from	 East	 Antarctica.	 Specimens	
belonging	 to	 the	 second	 subclade	 (Notasterias	 sp2)	 are	 mainly	
from	 East	 Antarctica	 (66	 specimens)	 along	 with	 two	 from	 the	
Amundsen	Sea,	four	from	the	Antarctic	Peninsula,	and	five	from	
the	Weddell	 Sea.	The	 remaining	 subclade	 (Notasterias	 sp3)	 only	
contains	two	deep‐sea	specimens	from	the	Scotia	Arc	(3,800	m)	
and	 the	 Weddell	 Sea	 (2,100	 m).	 Within	 the	 genus	 Lysasterias 
(Table	2,	 Figures	2,	 3;	Appendix	 S2),	 the	 first	 entity	 (Lysasterias 
sp1)	nearly	exclusively	contains	specimens	from	East	Antarctica	
with	 one	 from	 the	Weddell	 Sea.	 The	 second	 entity	 (Lysasterias 
sp2)	 mainly	 contains	 specimens	 from	 the	 Antarctic	 Peninsula	
together	 with	 one	 specimen	 from	 the	 South	 Sandwich	 Islands	
and	nine	 from	 the	Weddell	Sea.	The	 third	entity	 is	mainly	com‐
posed	of	 specimens	 from	 the	Antarctic	Peninsula	 together	with	




Broadcasters	 show	 contrasting	 biogeographic	 patterns.	
P. charcoti	 displays	 a	 complex	 haplotype	 network	with	 subclade	
4	 endemic	 to	 Adélie	 Land	 and	 the	 three	 others	 circumpolar	 in	
TA B L E  1  Molecular	diversity	statistics	for	each	delineated	species.	Statistics	for	taxonomic	groups	with	n	<	25	are	not	represented.	n: 
number	of	sequences.	π:	nucleotide	diversity.	H:	haplotype	diversity








Lysasterias sp1 81 0.01000	±	0.00062 16 0.831	±	0.027 25 0.0103	±	0.0069
Lysasterias sp2 78 0.01146	±	0.00093 12 0.840	±	0.019 26 0.0118	±	0.0092
Lysasterias sp3 56 0.00825	±	0.00095 13 0.765	±	0.055 21 0.0085	±	0.0073
Notasterias sp1 236 0.00561	±	0.00032 23 0.733	±	0.027 31 0.0057	±	0.0044
Notasterias sp2 80 0.01108	±	0.00109 14 0.718	±	0.037 31 0.0114	±	0.0096
Diplasterias sp1 105 0.01262	±	0.00030 21 0.909	±	0.013 32 0.0130	±	0.0069
Diplasterias sp2 116 0.01547	±	0.00097 19 0.849	±	0.021 36 0.0161	±	0.0123
Diplasterias meridionalis 75 0.00239	±	0.00023 13 0.777	±	0.031 11 0.0024	±	0.0019
Broadcasters
Bathybiaster sp1 133 0.00347	±	0.00042 25 0.790	±	0.023 29 0.0035	±	0.0039
Bathybiaster sp2 110 0.00557	±	0.00054 28 0.835	±	0.026 34 0.0057	±	0.0051
Psilaster charcoti	clade	1 92 0.01457	±	0.00069 29 0.924	±	0.015 50 0.0151	±	0.0085
Psilaster charcoti	clade	2 55 0.00272	±	0.00028 12 0.734	±	0.052 12 0.0027	±	0.0020
Psilaster charcoti	clade	3 148 0.00160	±	0.00026 19 0.394	±	0.052 17 0.0016	±	0.0025
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distribution	with	two	of	them	containing	specimens	collected	off	
New	Zealand	(Appendix	S2).	Subclades	of	the	genus	Bathybiaster 
are	 mainly	 differentiated	 according	 to	 depth:	 Bathybiaster sp1 
gathers	specimens	from	the	Antarctic	shelf	and	the	shallows	of	the	
Scotia	Arc,	along	with	a	deep	specimen	from	the	South	Sandwich	
Islands	 (Figure	4;	Appendix	S2).	Bathybiaster	 sp2	 is	 composed	of	
representatives	from	the	Antarctic	slope,	deep	troughs,	and	can‐
yons	 along	 with	 all	 specimens	 from	 the	 Kerguelen	 plateau	 and	
slope	(Figure	4;	Appendix	S2).
4  | DISCUSSION
4.1 | Species richness, genetic diversity, and 
taxonomic implications
We	found	 that	genetic	diversity	did	not	significantly	differ	between	
brooders	 and	 broadcasters.	 This	 may	 reflect	 the	 presence	 of	 spe‐
cies	complexes,	related	to	recurrent	disturbances.	Recent	glacial	and	
interglacial	 cycles	 could	have	promoted	high	 rates	of	 differentiation	
in	 SO	 species	 (O'Hara,	Hugall,	Woolley,	Bribiesca‐Contreras,	&	Bax,	
2019),	regardless	of	their	dispersal	capabilities.	Discordances	between	



























4.2 | Dispersal capacity and biogeographic patterns
Several	mechanisms	have	been	proposed	 to	 account	 for	 the	un‐
usually	 high	 proportion	 of	 brooding	 species	 in	 the	 SO,	 and	 the	
evolutionary	 success	 of	 Antarctic	 brooders	 is	 now	 widely	 rec‐
ognized	 within	 the	 community	 of	 Antarctic	 biologists	 (Poulin,	
Palma,	 &	 Féral,	 2002).	While	 adaptation	 to	 polar	 environmental	
conditions	 is	 not	 considered	 a	 determining	 mechanism	 (Pearse,	




(Moreau	 et	 al.,	 2017)	 or	 genetic	markers	 (Hoffman	 et	 al.,	 2011),	
most	 studies	 agree	 that	 biogeographic	 structures	 are	more	 pro‐
nounced	in	brooders	than	in	broadcasters	due	to	contrasting	dis‐
persal	capacities.
Most	of	 the	 results	obtained	 in	 the	present	 study	are	 in	 line	
with	 this	 expected	 biogeographic	 pattern,	 with	 the	 prevalence	
of	clear	spatial	 structures	 in	brooders.	This	 is	 in	agreement	with	
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our	previous	work	describing	the	SO	asteroid	biogeographic	pat‐




of	 the	 West	 Antarctic	 Ice	 Sheet	 (Bamber,	 Riva,	 Vermeersen,	 &	
LeBrocq,	 2009;	 Pollard	 &	 DeConto,	 2009)	 and	 the	 putative	 ex‐
istence	 of	 a	 subsequent	 trans‐Antarctic	 seaway	 separating	 the	
West	 and	 the	 East	 Antarctic	 have	 been	 proposed	 as	 possible	
mechanisms	leading	to	such	patterns	(Barnes	&	Hillenbrand,	2010;	
Linse,	Griffiths,	Barnes,	&	Clarke,	2006;	Pierrat,	Saucède,	Brayard,	
&	David,	 2013).	 The	 role	 of	 the	Weddell	 Sea	 Gyre	 (Linse	 et	 al.,	
2006),	environmental	dissimilarities,	and	contrasting	glacial	histo‐
ries	have	also	been	proposed	as	possible	explanations	(Anderson,	
Shipp,	 Lowe,	Wellner,	 &	Mosola,	 2002).	 Interestingly,	 in	 brood‐
ing	 genera,	 haplotypes	 of	 specimens	 from	 the	Weddell	 Sea	 are	
present	 in	 both	 the	 East	 Antarctic	 and	 the	 Antarctic	 Peninsula	
clades.	Recent	 faunal	exchanges	between	 the	 two	 regions	could	






F I G U R E  4   Bathybiaster	statistical	parsimony	network	indicating	genetic	relationships	with	regards	to	(a)	sampling	geographic	locations	
and	(b)	sampling	depths	and	Kerguelen	Island	(shallow	and	deep).	Delineated	clades	are	represented,	and	color	code	follows	the	appended	
legend





ular	 clock	 (Thomas,	Welch,	Woolfit,	&	Bromham,	2006),	 given	 the	
uncertainties	in	molecular	divergence	rates,	especially	when	a	single	
locus	is	used	and	when	fossil	calibrations	are	not	available.	However,	
similar	 divergence	 dates	 were	 obtained	 for	 all	 brooding	 genera,	








dispersal	 vectors	 reported	 (Cumming,	 Nikula,	 Spencer,	 &	 Waters,	













of	 gene	 flow	 across	 the	 SO	 promoted	 by	 higher	 larval	 dispersal	
capacities.	Geographic	patterns	in	P. charcoti,	with	several	circum‐
polar	 entities,	 suggest	 the	 existence	 of	 past	 refugia	 during	 past	
glacial	maxima	 and	 subsequent	 dispersal	 centers	 (Hemery	 et	 al.,	
2012).	Unfortunately,	little	is	known	about	asteroid	larval	biology	
in	 the	SO,	apart	 from	a	handful	of	well‐studied	species	 (Agüera,	
Collard,	 Jossart,	Moreau,	 &	 Danis,	 2015;	 Pearse,	McClintock,	 &	







of	P. charcoti	 occur	on	both	 sides	of	 the	PF,	 and	 (c)	Bathybiaster 
sp2	 shows	 a	 potential	 bipolar	 distribution	 (sensu	 Darling	 et	 al.,	





had	already	been	 indicated	 in	previous	work	on	 the	echinoderm	
fauna	 of	 South	 Africa	 (Clark,	 1923).	 This	 could	 be	 the	 result	 of	
a	 deep‐sea	 dispersal	 route,	 a	 scenario	 coined	 the	 “thermohaline	
expressway”	 by	 Strugnell,	 Rogers,	 Prodöhl,	 Collins,	 and	 Allcock	
(2008),	 but	 a	 wide,	 cosmopolitan	 distribution	 of	 the	 species	 is	
probably	the	most	reasonable	hypothesis.	Unfortunately,	no	trop‐





Interpretation	of	 the	 present	 results	 is	 limited	 by	 the	 use	 of	 a	
single	mtDNA	locus.	The	observed	patterns	could	be	due	to	mech‐






ongoing	 processes.	Nevertheless,	 the	 causal	 relationship	 between	
genetic	patterns	and	dispersal	capacities	of	asteroids	can	be	linked	
to	 past	 climatic	 and	 geological	 events	 and	 give	 some	 clues	 to	 the	
upstream	drivers	of	species	evolution.






Taxonomic group ABGD sGMYC mGMYC mPTP ASAP
Brooders
Lysasterias 4 17 17 4 4
Diplasterias 3 14 15 4 3
Notasterias 3 4 18 3 3
Broadcasters
Psilaster charcoti 9 9 17 4 9
Bathybiaster 4 3 12 3 2
Total 27 47 79 19 30
TA B L E  2  Number	of	species	
delineated	by	the	different	species	
delineation	methods










Antarctic	 forcipulataceans	 (Mah	&	 Foltz,	 2011b).	 The	 origin	 of	 the	
Antarctic	Asteriidae	has	been	dated	to	21	Ma	in	this	study,	suggest‐
ing	a	diversification	of	 the	 family	starting	 in	 the	Miocene	after	 the	


































no	 apparent	 effect	on	 the	 level	 of	 genetic	 diversity.	Molecular	 re‐
sults	also	indicate	that	an	in‐depth	taxonomic	revision	of	the	group	
is	 needed	 based	 on	 an	 integrative	 taxonomy	 approach	 (combining	
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